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‘J’hc p]atc overlap tccl~niquc  has been applied to crossing-point CC]]

obscrvat  ions of minor p] anct 243 1 cla to produce position mcasurcmcnts  accurate

to better than 0’!1 ant] mcasurcmcnts  of position changes accurate to better

than U!06. Although these observations numbcrcxl  only 17 out of the 520

that produced the final ground-based ]da cpha ncris  for the Galileo  spacecraft

flyby, their inclusion clccrcascd  lda’s clowltrack  error from 78 to 60 km and its

out-of-plane error from 58 to 44 km.

1. Introduction

It has long been known that the so-called “p]atc overlap method” (l;ichhorn  1960)

produces superior star positions bccausc  forcing each star to have a unique celestial position

helps to constrain the “p]atc constants’ ) that transform cclcstial coordinates into measured

coordi n atcs, It has also been recognized (h!l@llcr  & Kristcnscn  1966, llcmcmway  1980)

that olx+crving an asteroid as it passes ~hrough  the same star field at diffcrcmt  times (a

‘Lcrossing point’) obscrvat  ion) can provide powerful d iffcrcntia]  posit iol] mcasurcmcnts  free

of star catalog error. ‘1’his  paper presents a set of such obscrvatio]ls  of 243 lda obtained

in April ant] May 1993, tJIc techniques by wliicl]  they were rcduccd, ancl the effect of the

observations on lda’s cphcmcris accuracy at the time of the Galileo spacecraft’s flyby  on

1993 August 28.

2. The Observations

]da’s  low inclination produces very narrow  mtrogradc  loop  as seem fro]n  cart]]. ‘1’llis

propcriy  of its apparent path allows onc to rc]ax  so]ncw]lat  tl]c  formal definition of a

crossing point: instead of requiring observations to bc made ]]car  the actual spot at which

the path intfcrsccts  itself, onc can i]lstcad observe allnost, anyw]lcrc wjtl]in  tlIc  retrograde
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loop proviclccl  tJ)at  Ida passes through the salnc i])stmlmcmt  field of view in both direct and

retrograde apparent  motion, In late April 1993 and again in late hlay 1993, lda’s path

came within several arcminutcs  of two l]ippa  rcos stars, ‘1’l]is  happy circumstance provided

an excellent opportunity for crossing-point astromciry.

Observations of Ida in the same field as both  IIippzrcos  stars were obtainccl  c]uring both

April and hlay both at the U. S. Naval Observatory l$la.gstafr Station (N01V3),  using the

1.55-m astromctric reflector and ‘1’cktrol)ix 2048 x 2048 CC]  1 camera [scale O’.’325pixel,l,

field of view 11 arcminutes  (hflonci  d al. 1994)], and at tllc Oak ltidgc Obscm’story (01{0).
‘J’hc NOFS obscwvations  were provided to us as flattened image files, from which wc

extracted centroids for Ida and for scnwral  clozcn field stars. ‘J’]lc  ()]{() oljservat,ions  were

provided to us as a list of measured (x, y) coordinates for lcla and for stars in the “l, icli

Galileo lda llcfcrcnce Star Catalog” (Klcmola  and Owen 1992).

‘1’ab]c 1 prcscmt,s  the particulars for tlIc  observations from both sites. Owing to the

varying exposure times at NOIJS,  ihc field stars were not always detectable, and occasionally

the l]ipparcos  star images were saturated. Figure 1 presents the NOF’S fields of vim’ for the

three nights at which observations were maclc  there.

3. Reduction Procedures

‘J’hc reductions were carried out

and then the results were combi  ncd

ancl the known geometric properties

in two steps: first each frame was reduced individually,

for a global  reduction. Given  the small field of vim

of CC]) clctcctors,  wc dccidccl  to use a five-paramet m

model. ~’hc five parameters ( ‘j~latc  constants’ ) ) for frame i were not the usual ones linear

in x and y, but rather the right ascension Ai and dcclinatiol)  l~i of the tangent point, a

twist angle Ki representing a rotation about  the optical axis, and scale factors s*, and SV,.

Solving for the tangent point coordinates makes the global  reduction easier, mpccially  since

the telescope pointing  differed significantly fro]n  night to night.

If one assumes gnomonic  projection ancl rcctangu]ar  pixels and neglects atmospheric

refract ion and stellar aberration, an object  at rig] It ascension a and dcclinat ion 6 would bc

imaged on the dc%cctor at rccta]]gular  coordinates (x, y) givcm by

T =. . .sail~]/lJ3  + Xo

y  = su,l’2/l’3 + yo

~,]lcrc (Xo, yo) a,l.c L]lc salllp]e (C,o]lllllll)  al-ld  lil~c (1-ow)  coorc]i]]atcs  of t]]c optic.a] a x i s
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(assumcd  to lic at the ccntcr of IJIC CC])), and

()Cos c1 Cos 6

P = R3(K~)R1(  900 – l~i)R3(Ai  + 6]’) sin ocosb

sin 6

is the unit vector to tJ]c object measured in a coordinate systcIn  whose first and second

axes lic in the CC] 1 sample a]ld line direction rcspcctivc]y.  ‘J’hc R~ (0) rcprcscnt  the usual

orthogonal matrices which rotate the coordinate axes by angle 0 al>out axis n.

Approximate values for parameters Ai, Di, w, s~i ,and SVi for ca~h frame WCTC  follnd

from a set of individual reductions using both IIipparcos  stars and l,ick stars as rcfcrcncc.

in turn, these parameter values allow one to calcu]atc tl]c  approximate ~ and J for any

i magc within any frame.

‘1’hc second step was a simultal)cous  adjustment of all frames for onc observatory. ‘J’hc

unknown parameters were the above five frame parameters for all frames a]]d,  following

ltichhorn  (] 985),  CYj ancl 6j for all stars and for lda. A PTiOTi va lues  fo r  tllc ~j and 63 fol

uncatalogued stars were found by averaging the one-frame results. Each image of Ida was

treated as a separate “star” observed but once. ‘J’l)c  coordinates of the rcfcrcn cc stars were

incluc]cd  in the adjustment subject to a. j)riori constraints of 0’.’18 for l,ick  stars and 0!’03 for
IIipya.rcos stars. ‘1’hc former number was determined from the rms O – C in the first  step;
the latter was an estimate by ESA  of the accuracy of the preliminary positions provided

to us. 1 )uring this reduction, the cflccts  of differential stellar aberration and diflcrcntia]

atmospheric refraction were included to allow the corrcctccl  obscrvat)ions  more ncar]y  to

mat ch the ideal gnomoni  c project ion. Mcasurcmcnt uncertainties for NOI’S were taken

dircct]y  from the ccntcrfinding  rcsu]ts  for each image and rcprcscnt the formal position

uncertainties adjusted to unit weight. hlcasurcmcnt  uncertainties for 01{.0 were assumed

to bc 0.25 pixc]  based on the scatter in the star rcsidua]s  from tl]c  indiviclua]  reductions.

‘J’hc p]atc overlap tcchniquc  produces onc position for each star which is a wcightccl

mean of the olxcrvations  including, if applicab]c,  tllc il]put catalog position. ‘J’hc frame

paramcicrs arc determined much better than in the first step: all star ilnagcs contribut,c  to

the solution, including uncata]ogucd  field stars if they were imaged more than once. q’hc

abso]utc  orientation and scale of the ensemble of frames depends u]timatcly  on the number

of rcfcrcnce  stars and on the quality of their positions. !l’l)crc  arc, however, more rcfercl  ICC
stars in the cnscmblc  than appear on ally onc fralnc, and tllc uncatalogued stars strm)gtl]cl)

the relative orientation of the frames. Consequently the absolute orientation and scale of

any sing]c  frame arc dctcrmincd  better by tllc plate ovcrla])  tccllniquc  than by an illdividllal

frame reduction.

lJnca.taloguccl  stars that arc observed only once do not contribute to the fralnc



-4

parameter solution since tllcir a priori position is uncollstrainml. ]{athcr,  ihcir  mcasumd

image coordinates arc eflcctivc]y  transformed into  a and J using the frame parameters

dctcrmincd  by the other star images; tl)cir postfit residuals arc, of nccmsity,  zero. l{etaining

sue]] stars in the p]atc overlap solution dots not affect the quality of the solution hut

instcacl  obviates the need for a follow-on program to do the transformation. q’hc images of

Ida were hand]cd  in this way.

‘J’hc positions for lda obtained from the final reduction appca.r  in ‘1’ab]c 2, ‘J’hcse  a~c

topoccntric  and rcfcrrcd to 111950 coordinates, but with the cllipt,ic  terms of aberration

removed. l’hc usc of this coordinate systcm was required by t}lc Golilco flight  projcci.

‘J’ab]c 2 also presents the cquiva]cnt  J2000 positions, obtained following the mctllod  given

by Standish et al. (1 992); these have appeared, to ]owcr  precision, in the hfinor  l’lanct,

Circulars (Ycomans  et al. 1993, h!cCrosky  & Shao 1993).

Onc of the conscc]uenccs  of allowing the coordinates of the rcfcrcncc  stars to bc

adj ust,cd is t]] at the coordinates for 1 da bccomc rcfcrrccl  to a systcm  which is a wcigl Itcd

mca.n of that  defined by the two IIippareos stars and that defined by the eight stars of t,hc
1 ,ick catalog  [which was rcclucccl  to the “Astrographic Cata]oguc  l{cfcrcncc Stars” catalog

(Corbin  & Urban 1991)]. For this particular patch of sky the t,wo systems were in CIOSC
agrccmcnt: the Jliypa TCOS st am moved by an average of – 9 mi] Ii arcscconds  (m as) ill both

o and 6, whi]c  the l,ick  stars moved by an average of +39 mas in a and +34 mas in 6.

‘J’hc positions for the IIippawos  stars arc preliminary, using a subset of the ]Iiyparcos
observations, and not fully on tl]c  ncar]y  inertia] systcm of tllc radio stars.

IIccausc  the rcfcrcncc  systcm  remains uncertain at tllc 40-mas ICVC1, wc bc]icvc  that,
more hcncfit  may bc gained by processi]]g  tllcsc observations as diflcrcntial,  not abso]utc,

mca.surcmcnts.  ‘J’ab]c 3 presents tllc IN OIJS results in diflcrcntia]  form, rcfcrrcd to tl~c most

prcci sc ohscrvation  of that set, ‘J ‘hc posit ion diffcrcnccs  arc given to onc more digit t]] an is

customary; for the benefit of processors that cannot cope wit]] tl)is precision, superscript

+ or - signs indicate that a terminal 5 should bc rou]lclcc]  away from or toward zero,

rcspcctivc]y.  ‘J’hc results for 01{0  do not appear in ‘1’ab]c 3 bccausc  the diffcrcllt,ial  and
absolute accuracies arc comparab]c, a rcsu]t  tl]at is due, in part, to tllc lack of measured

anonymous stars in the 01{0  observations.

‘J’]]c observations dcscribcd  here were includcc]  in the observation set for the final

cphcmcris dclivcrcd  to the G’azdco ]Jrojcct  (Ycoma]ls  ct al, 1993),  in  an cfrort  t o  a s ses s

]da’s cphcmcris uncertainties at the time of cl]countcr,  wc conductlcd  an error analysis using
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the tmchniqucs  outlined by Ycolnans  et 01. (1 987). ‘J’hc NOFS observations were a,ssigncd

uncmiaintics  of 0’.’1 in each coordinates, and the OltO observations 0!’25, whereas the bulk

of the obscrvat,ions  were weighted at, citllcr 0’.’5 or 1”. A lt]lougll  these observations compri sc

but  17 of the 520 t,hat  were used to producm the final cphcmcris, t,hcir  nigh  wcigl~t,  dro~~c

the forma] unccrt,ainiy  in Ida’s hcdioccmtric  position at cncount,cr  from 78 x 58 x 40 li])~ to
60 X 44 X 40 km, where the three numbers rcprcscnt,  in order, the downtrack, out, -of-p] allc,

and raclial dircciions.  Since these observations were made near opposition, the position

uncertainty in the sun-asteroid direction was not significantly improved.

‘1’l]c high  weight assigned to these observations is justified by tJ]c postfit rcsidua]s

against a post- encounter orbit fit to 577 ground-based observations. ‘1’ab]c 4 shows that

the sc.attcr in the residuals is consistent with the assigncxl weights; if anything, the NOI’S

obscrva,tions  could have been weighted ~norc hcavi]y.  ‘]’hat the residual mean changed very

little when the observations were fit SI]OWS  that there was litt,lc  bias in these obscrvat,ions:

the systcm  constructed by the p]atc overlap solution appears to bc consistent with that of

t hc ot hcr obscrvat  ions.

5. Conclusion

W C h avc prcscntcd a set of crossil~g-poi nt obscrvat  ions of 243 1 c1 a, obtained at two

diflcrcnt  observatories in April and May 19!93, rcduccc]  using tllc p]atc overlap tcchniquc.
‘1’hc resulting positions for Ida exhibit a very low rcsidua] scatter and arc consistent with the

other observations used to produce the final cpl]cmcris for G’aldco’s  flyby of that asteroid in

August 1993. ‘J’hc high quality of these rcsu]t,s speaks WC1l of the tclcscopcs  at Flagstaff and

Oak l{iclgc and justifies the spccia]  care that  was taken in tl]c  clata processing. WC bclicvc

that tllcsc observations arc among the most accurate asteroid astromctric observations ever

made.

W C wish to thank the U. S. Naval Observatory Flagstaff Station and tl)c  Oak llidgc

Observatory for securing the time-critics] obscmmtions  of Ida. 1 )r. Catherine ‘J’UTOJ] kindly

provided preliminary positions and proper motions for the two llippcrcos  stars.

‘J’l]c  research clcscribcd  in this paper was carriccl  cmi by the Jet l’repulsion ],aboratory,

California, lnstitutc  of ‘1’cchnology, unc]cr  a contract with ihc National Aeronautics and

Space Administration.
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‘] ’ABLE ]. o b s e r v a t i o n  time,  cxposum  duration,  allcl llumbcr  of usab]c starsfor  each ofthc  Ida
crossing-point observations.
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oh. ‘1’ilnc Exp. Number  of Stars
No. ( W C ) (s) IIi])p l,ick AI)on

~b;motions  at_iOFS:

1 1993/04/28  04:35:51 G 2 7 14
2 ~993/~4/2~ 04:42:]] 30 2 7 14
3 1993/04/28 04:46:22 150 2 7 14
4 1993/04/28 04:56:14 630 0 7 14
5 1993/04/29 05:41:07 24 2 3 13
G 1993/04/29 05:44:33 G 2 3 12
7 1993/04/29 05:47,48 3 2 3 13
8 1993/05/25 03:30:48 6 2 4 16
9 1 9 9 3 / 0 5 / 2 5  0 3 : 3 3 : 5 7  3 0  2 4 16

10 1993/05/25 03,38:29 150 0 4 16
11 1993/05/25 03:44:10 3 2 4 16

Ob. equations  ai ORO:

12 1993/04/29 01:11:49 - 2 6 0
13 1993/04/29 01:33:49 - 2 G o
14 1993/05/26 01:48:11 2 4 0
15 1993/05/26  0 2  :0S:04  - 2 7 0
16 1993/05/2G 02: 28; 38 - 2 7 0
17 1993/05/26 02:55:36 - 2 8 0

.  .  . . — .  — ———.. —.—



‘] ’A B1,F: 2, Olmrved astrographic  positions and internal  uncertainties for lda, referred  to 1119.50
coordinates with the elliptic terms of abcrrat ion removed. ‘.l’hc  righimost  two c o l u m n s  give the

concsponding  positions in tlic J2000 system.
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1
2
3
4
5
6
7
8
9

10
11

FI1950  Cl u B1950 6 0 J2000 Q

~~h~&n45:78g

llh38n’45:705
llh38m45%47
llh38m45!516
11 ‘3W’28:049
11 ‘38m28:003
, j h38r1127:g70

~ ~ h3&l14g~6~7

llh38m49!730
llh38m49?779
11 “38’’’49!847

0’!06
0’!06
0’!06
0’!06

0’!08
0’!08
0’!08
0’!05
0’!04
0’!04
0’!05

+ 01005’23’!39
+01 005’23’!91

+01 005’24’!28
+01 “05’25’!07

+01 007’21’!83
+ 01007’22’!11
+01 °07’22’!41
+01 °08’19’!47

+01 °08’19’!27
+01 °08’18’!95
+01 008’18’!56

0’!07
0’!07
0’!07
0’!07

0’!07
0’!07
0’!07
0’!05
0’!05
0’!05
0’!05

llh41’”19%51
llh41’’’l9:57o

llh41m19:509
llh41’’’l9:3sl

llh41mOl!920
llh41n’01!8G8
llh41n’01!836
llh41r’]23:566
llh41m23t598
llh41n’23%48
llh41m23!720

J2000 6— . .

+ 00 °48’4.5’!02
+00”48’45’!63

+-00°48’46’!01
+ 00 °48’46’!82

+ 00 °50’43’!64
+ 00”50’43’!94
+00 °50’44’!25
+00”51’41’!17
+ 00°51 ‘40’!96
+00”51  ‘40’!65
+ 00”51 ‘40’!28

12 llh38’’’31!192 0’!24 +01 “07’00’!90 0’!24 llh41m05!060 + 00 °50’22’!72
13 11‘38W’30:911 0’!24 +01 007’00’!68 0’!24 ~~h4]mo4:77g

14 11 h39”’06:l  95
+ 00 °50’24’!50

0’!25 +01 “06’41 ‘!03 0’!25 llh41’’’4o:o59
15 llh3w’oG:436

+ 00 °50’02’!63
0’!22 +01 “OG’39’!87 0’!23 llh41n’40:300

16
+00”50’01  ‘!46

llh39moG%67 0’!22 +01 006’38’!11 0’!23 llh41m40!531 +00”49’59’!70
17 11 h3w’071000 0’!22 +01 “06’35’!47 0’!23~= _.=— llh41’n40?8G4 + oo”49’57’!orl

.——..— — .



‘1’ABl,l? 3. Obscrvccl  positions zmd internal  uncertainties for lda relative to the tenth NOII’S ol~ser-
vation.
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oh, Aa u Ati o_—— ———. .—— ——. ——. ——.. —

1 -3?9904 0’!046 -1 75’!563 0’!027
2 -4!0740 0’!045 -175’!045– 0’!025
3 -4!1325+ 0’!021 -175’!671 0’!025
4 -4?2G32 0’!028 -175’!677 0’!029
5 -21t7305+ 0’!054 -57’! 121 0’!037
c1 -21:7761 0’!055 -57’!841 0’!042
7 -21!8095– 0’!058 -57’! 541 0’!042
8 -0?0821 0’!013 +0’!520 0’!013
9 -0:0496 0’!009 +0’!319 0’!009
10
11 + o:oG75- 0’!01 3 -0’!391 0’!013.= .=_ ..-_



~’ABIJR .4. l)osition residua~  statistics for the lcla observations reduced using the plate overlap
tcchniquc,  q’hesc residual statistics were computed using all orbital adjustment of 577 olxservatiol~s
maclc from 1918 November 30 through 1993 July 1.



Fig. 1, ‘1’hc tclcscopc  field of view 0]1 the thmc nights during  whid
NOII’S obswvcd  I d a .  l]ipparcos  stars, l,ick s t a r s ,  and anonymous
ficlcl starsarcm arked with II, l,, and X,respmtivc.]y.
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